Environmental sensing and response
Bacteria can detect changes in physical parameters (such as temperature or osmotic pressure) or chemical parameters (such as the presence or absence of specific compounds) and systems required for these sensing functions have been characterized in several species. It seems possible to classify these systems as belonging to 'families ' whose members share mechanistic attributes. A simple case is one in which a small chemical binds to a protein, altering its ability to carry out a specific task, such as DNA binding. A group of proteins working in this way is the AraC family of transcription activators, many members of which have an amino-terminal carbohydratebinding domain and a carboxy-terminal DNA-binding domain (Gallegos et al., 1993) . Here, sugar binding determines the efficiency of DNA binding. In such proteins, signal reception and the biological response are contained in a single polypeptide.
In other families there is a division of labour in which signal reception and the biological response are partitioned between two proteins. For example, the histidine protein kinase and response regulator (or ' two-component ') family is composed of members which transmit environmental information between a sensing protein and a response regulating protein partner by phosphotransfer (Stock e t al., 1989) . Reception of the environmental signal by the kinase results in autophosphorylation followed by phosphotransfer to the partner protein, which in turn elicits the required response within the cell. In some cases, such as in the control of chemotaxis in Edericbia coli, transcriptional control is not involved ; protein-protein interactions alone alter the swimming pattern of the cell in response to the signals received (Stock e t al., 1989) . More often, the response is a change in gene expression which allows the cell to adapt to the new environmental circumstances. This is true, for example, in the case of osmotic sensing in some members of the enterobacteriaceae by the EnvZ/OmpR kinase/response-regulator duo, where genes involved in expressing porin proteins are differentially expressed as a result of OmpR phosphorylation by EnvZ (Stock e t al., 1989) . Appropriate expression of the porin profile on the cell surface is required for successful adaptation to certain high osmolarity environments, such as the human lower gut (Nikaido & Vaara, 1987) .
Coordination of the transcript iona I response
This review will concentrate on the contribution of transcriptional regulation to environmental adaptation. Classically, changes in transcription in bacteria have been thought to be elicited by the action of DNA-binding proteins acting at highly specific sites associated with particular genes, as illustrated by the repression of the lac operon of E. coli by the Lac repressor, LacI, in the absence of inducer (reviewed in Beckwith, 1987) . The LacI protein is specific for lac operator site binding and the effect of this is repression of l a c Z Y A structural gene transcription. The arrangement of the three structural genes within an operon permits their coordinated regulation by the repressor. Of course, transcriptional regulation is not confined to negative influences, a point which can also be illustrated by reference to the lac operon. Activation of lac structural gene transcription is dependent not only on the removal of the repressor from the operator, but also on the action of the positive regulator CRP (catabolite regulatory protein), also known as CAP (catabolite gene activator protein). In the presence of its cofactor, cyclic-AMP (CAMP), CRP binds to a specific site at the lac promoter and activates structural gene transcription (Reznikoff, 1992) .
Besides the rather obvious distinction of affecting lac transcription in opposite directions, LacI and CRP differ from one another in terms of their influence within the cell. LacI appears truly to be dedicated to l a c Z Y A regulation whereas CRP regulates many other genes at other places on the E. coli chromosome. CRP is also more versatile in its effect on transcription; as well as being an activator, it can repress transcription in some cases (Botsford & Harman, 1992) . Thus, the effects of a lac1 mutation are quite local whereas a crp lesion is highly pleiotropic. In this way, genes whose expression must be adjusted in the event of a change in intracellular CAMP levels can be coordinately regulated if they possess a CAMP-CRP binding site at their promoters. Genes of this type which share a common regulator are said to constitute a regulon. Since several operons can belong to the same regulon, very large numbers of genes indeed can be controlled simultaneously in this fashion.
Bacteria also regulate groups of genes simultaneously in response to a common stimulus using independent regulators. Thus, a change in osmotic pressure will alter transcription of the ompC and ompF porin genes through the actions of the OmpR DNA-binding protein and its kinase, EnvZ, while transcription of the compatiblesolute transport operonproU will also be altered but in a manner that is independent of the EnvZ/OmpR system (Csonka & Hanson, 1991) . In this example, ompC, ompF andproU belong to the same group of co-regulated genes but they do not share a common protein regulator. Such a group is known as a stimulon.
By now it should be becoming apparent that regulatory hierarchies exist in the cell, with complexity increasing as one ascends the scale. This impression of complexity is compounded when one takes account of gene networking arrangements which allow individual genes or operons to belong to more than one regulatory group simultaneously. For example, the ompC and ompF porins belong to the EnvZ/OmpR regulon and to the osmotic stress stimulon. Since expression of ompB, the operon encoding the EnvZ and OmpR regulatory proteins, is controlled (in part) by CAMP-CRP (Huang e t al., 1992), ompB and its subservient genes ompC and ompF can be regarded as belonging to the CRP regulon (which includes the lac operon).
Global regulation of transcription
The identification of regulators having very widespread effects on transcription has given rise to the concept of global control (reviewed in Dorman & Ni Bhriain, 1992a) . Proteins such as CRP and the related protein FNR (which regulates expression of several genes under anaerobic conditions) have been classified as global regulators. Although these proteins influence a large number of promoters, their effects are confined to those genes possessing the specific DNA sequence to which they can bind. Other regulatory factors have emerged which have a wider influence in controlling transcription and which also contribute to the organization of DNA topology in the cell. Investigations of these factors has shown that variations in DNA structure represent a form of global control which has the potential to influence the expression of any gene in the cell. This influence is so pervasive that, in comparison with the 'global' effects exerted by CRP or FNR, it may be said to be almost universal (reviewed in Dorman, 1994) . The discovery that DNA topology is influenced by changes in environmental parameters (see later) raises the possibility that it can be exploited to reset the transcriptional profile as the cell moves from one environment to another. Before exploring these issues in detail, it is first necessary to review briefly the factors which influence the topology of bacterial DNA in ~i v o .
DNA supercoiling
As in most living cells, DNA in bacteria is maintained in an underwound or negatively supercoiled state which imparts free energy to the DNA. Underwound DNA experiences torsional stress and this can be relieved by (i) writhing of the DNA duplex in three-dimensional space, (ii) binding of proteins which constrain supercoils or (iii) a structural transition, such as strand separation, within a discrete segment of the duplex. In bacteria, all three solutions appear to be applied. The first approximates to the intuitive notion of supercoiling, the second results in the formation of nucleoprotein complexes, including bacterial chromatin, while the third illustrates the ability of duplex underwinding to potentiate reactions of DNA such as transcription (reviewed by Drlica, 1984 Drlica, , 1992 .
Topoisomerases and the control of DNA supercoiling DNA gyrase is a bacterial protein with the unique ability to introduce negative supercoils into DNA; it can also remove positive supercoils (Table 1) . Gyrase is a topoisomerase which operates by a type-2 mechanism; it alters the linking number of DNA molecules in steps of two. This involves the introduction of a double-stranded break in the substrate, the passage of an intact section of the duplex through this gap and then religation. Gyrase must (a) hydrolyse ATP to reset itself after each round of activity (Drlica, 1984 (Drlica, , 1992 .
Highly supercoiled DNA becomes a target for the relaxing activity of DNA topoisomerase I, an enzyme which operates by a type-1 mechanism. This involves the cleavage of one strand of the duplex, followed by passage of the intact strand through the gap by a swivelling action (Table 1) (Drlica, 1984 (Drlica, , 1992 ). An important function of topoisomerase I is to counteract the influence of gyrase; mutants deficient in topoisomerase I activity have oversupercoiled DNA and grow very poorly, having many physiological defects. Compensatory mutations, many of which make gyrase less potent, allow the supercoiling in these strains to approach that in wild-type cells and promote survival (DiNardo et al., 1982; Dorman e t al., 1989; Pruss etal., 1982; Raji etal., 1985; Richardson etal., 1984) . This finding has led to the proposal that supercoiling in bacteria is controlled by a self-regulating or homeostatic mechanism. This hypothesis is supported by the observation that the promoter of to+ ¶, the topoisomerase I structural gene, is activated by increases in supercoiling while those of gyrA and &yrB (encoding the subunits of gyrase) are activated by DNA relaxation (Menzel & Gellert, 1983 , 1987 Tse-Dinh, 1985; TseDinh & Beran, 1988) .
E. cold possesses at least two other topoisomerases (Table  1) . Topoisomerase 111 is a type-1 enzyme thought to contribute to decatenation reactions, although it is not essential for survival (Dean e t al., 1983; DiGate & Marians, 1988 Srivenugopal e t al., 1984) . Topoisomerase IV is a type-2 enzyme with significant homology to gyrase but without the ability to supercoil DNA. It is essential for survival and seems to be involved in the decatenation of daughter chromosomes following DNA replication (Adams e t al., 1992; Kato e t al., 1990 Kato e t al., , 1992 McNairn e t al., 1995; Peng & Marians, 1993) .
coiling can have a strong influence on this process in vitro and in vivo (Borowiec & Gralla, 1987 ; Dorman et al., 1988 ; Free & Dorman, 1994; Friedman e t al., 1984; Kreuzer & Cozzarelli, 1979; Sanzey, 1979; Yang et al., 1979) . The in vim experiments have usually involved variations in supercoiling achieved by artificial means, such as gyrase inhibition by drugs or the use of topoisomerase gene mutations, The in vitro situation is of necessity artificial and sometimes data obtained under these conditions cannot be reproduced when the same system is studied in vim (Free & Dorman, 1994; Lamond, 1985) . Thus the relationship between changes in supercoiling and effects on transcription has often been a difficult one to interpret accurately.
Transcription and DNA supercoiling
Several lines of evidence show that transcription influences the topology of the DNA template. Data from in vitro and from in vim experiments have shown that movement of the transcription complex along the DNA partitions this into a domain of negatively supercoiled DNA behind and a domain of positively supercoiled DNA ahead ( Fig. 1) (Cook et al., 1992; Liu & Wang, 1987; Pruss & Drlica, 1986; Rahmouni & Wells, 1992; Tsao e t al., 1989; Wu e t al., 1988) . For this to happen the DNA must be incapable of rotating rapidly to allow diffusion of the accumulated supercoils and the transcription complex must not be able to rotate around the sugrcoilid positively supercoiled
DNA supercoiling and transcription
Supercoiling of DNA might be expected to assist the local unwinding of DNA required for transcription initiation at promoters. Several studies have shown that super- DNA. Such effects become exaggerated when the transcribed gene encodes a membrane-located protein ; here, the coupled transcription and translation of the prokaryotic cell produces a moving complex incapable of rotation around the DNA duplex. If the differentially supercoiled domains so-generated are not dealt with by topoisomerases, they can influence other events taking place nearby in the DNA. Thus, transcriptionally induced negative supercoils associated with one transcription unit can modulate a supercoiling-sensitive promoter in a second, neighbouring, transcription unit in vivo in the absence of topoisomerase I activity (Bowater e t al., 1994; Chen e t al., 1992) .
Environmental stimuli and DNA supercoiling
In vivo studies have shown that several environmental factors can influence the supercoiling of bacterial DNA.
In particular, growth of bacterial cells under anaerobic conditions, or at high osmolarity, at different temperatures, or in a nutrient-poor medium can alter significantly DNA supercoiling levels (Balke & Gralla, 1987 ; Dorman et al., 1988; Goldstein & Drlica, 1984; Higgins e t al., 1988 ; Yamamoto & Droffner, 1985) . Aerobic-to-anaerobic shifts and transitions from low to high osmolarity result in increases in the [ATP]/[ADP] ratio and in negative supercoiling levels in DNA. This has been interpreted as being due to enhanced gyrase activity (Hsieh et al., 1991a, b) . Consistent with this hypothesis, the increased supercoiling observed in plasmids isolated from anaerobic cultures is not seen if the culture is treated with a gyrase-inhibiting antibiotic (Dorman e t al., 1988) . Changes in temperature are thought to cause an alteration in DNA structure (such as the helical pitch of the DNA) which is sensed and compensated for by the action of topoisomerases (Goldstein & Drlica, 1984) . Starvation of E. coli cultures produces a decline in negative supercoiling and the recovery of supercoils which accompanies a nutrient upshift is ATP-dependent (Balke & Gralla, 1987) . Most data point to gyrase as being the key activity contributing to environmental responsiveness at the level of DNA supercoiling. However, several other DNAtopology-altering proteins also contribute to environmental responses ; these are the so-called architectural proteins of the genome (see next section).
Architectural proteins and DNA topology
E. coli possesses several low-molecular-mass proteins which contribute to the higher-order organization of the bacterial nucleoid and to the expression of genetic information (Drlica & Rouvikre-Yaniv, 1987 ; Pettijohn, 1988; Schmid, 1990) . One of these is protein HU, which is abundant and binds to DNA in a sequence-independent manner, wrapping it into nucleosome-like structures. It influences a range of functions, including DNA replication, recombination (general and site-specific), transcription and transposition ( A related protein is the integration host factor, IHF. Originally identified for its role in the life cycle of bacteriophage lambda (Miller e t al., 1979; Nash & Robertson, 1981) , IHF is now known to regulate several host functions, including DNA replication, recombination, transcription and transposition. IHF is a sequencespecific DNA-binding protein and it bends DNA at the binding site (Table 2 ). This bending activity seems to be central to its biological role Friedman, 1988; Hoover e t al., 1990) .
Protein H-NS is an abundant component of the bacterial genome (Table 2 ) (Pon et al., 1988 Frequently, these small, architectural proteins contribute to the control of transcription of genes whose products play a role in environmental adaptation. In this way they link together aspects of control of a large number of genes coding for disparate functions which, when appropriately expressed, enhance the chances that the cell will survive and prosper in its new environmental circumstances (reviewed in Dorman, 1994) . A corollary to this is that such control mechanisms should help improve the fitness of pathogenic bacteria when these encounter novel environments during infection of their hosts (Dorman & Ni Bhriain, 1993) . To appreciate how such complex regulation operates, it is necessary to examine some specific examples.
The virulence gene regulatory cascade of Shigella flexneri
Shigellajhxneri is a facultative intracellular pathogen and is the causative agent of bacillary dysentery. The invasive phenotype depends on the expression of genes carried on a high-molecular-mass virulence plasmid (Sansonetti et al., 1982) . These genes are regulated at the level of transcription in response to changes in temperature and osmolarity: when the bacteria are cultured at 37 O C in growth media exerting osmotic pressure equivalent to that of physiological saline, the invasion genes are expressed ; at lower temperatures or osmolarities they are repressed (Bernardini et al., 1990; Maurelli e t al., 1984; Porter & Dorman, 1994) .
Genes coding for regulatory proteins concerned specifically with controlling expression of the invasive phenotype are located on the plasmid. One of these is the transcription activator VirF, which shows homology to members of the AraC family of DNA-binding proteins (Dorman, 1992) . VirF belongs to a sub-group of these proteins whose members are concerned with thermoregulation of transcription rather than with controlling transcription in response to a specific carbohydrate (as in the case of AraC and the arabinose operon) (Gallegos et al., 1993) . The 5'. flexneri VirF protein is required to activate transcription of a second regulatory gene, virB, whose product is a positive regulator of the structural genes encoding the factors necessary for host cell invasion and for certain post-invasion events (Fig. 2) (Adler et al., 1989) . VirF binds just upstream of the virB promoter and plays a central role in transmitting the thermal signal to it, although how it does this is unclear (Tobe et al., 1993) .
Maurelli & Sansonetti (1988) isolated a mutation on the chromosome which permitted invasion gene expression at the non-permissive temperature. At first, this gene appeared to code for a thermally controlled repressor of invasion gene transcription. We succeeded in demonstrating by genetic means that this locus, virR, was an allele of osmZ, a gene now known to be equivalent to hns, the structural gene for the nucleoid-associated protein H-NS (Dorman et al., 1990) . This was a significant discovery because it hinted at a role for DNA topology in controlling the expression of an important virulence trait in a bacterial pathogen. It shows that in addition to its ' private ' regulatory system consisting of VirF and VirB, the invasion gene control mechanism includes a ' shared '
regulator, H-NS, which also contributes to a large (possibly very large) number of other gene control circuits. In principle, this means that this virulence regulon will be coregulated with other H-NS-dependent genes (Dorman & N i Bhriain, 1993 ).
H-NS binding to the virB promoter has been demonstrated in vitro and it has been proposed that VirF is required to counteract the negative influence of H-NS on transcription initiation here (Tobe e t al., 1993) . Consistent with this hypothesis, in vitro footprinting data show that the VirF-and H-NS-binding sites overlap. What is lacking at the time of writing are in vivo data on site occupancy under different environmental conditions. We find it difficult to demonstrate significant regulation of virF gene expression in response to environmental change (M. E. Porter & C. J. Dorman, unpublished results) . This may mean that the VirF protein is constantly available in the cell, perhaps bound to the virB promoter, awaiting its activation signal. We have also found that the thermal signal is completely ineffective when the cell is maintained in a low osmolarity medium (Porter & Dorman, 1994) . Thus, a combination of thermal and osmotic signals is required for optimal expression of the invasion genes. This may be a mechanism for ensuring that expression occurs only in the lower gut of the host.
Virulence gene expression in S. flexneri has also been shown to be influenced by factors which vary the level of DNA supercoiling (Dorman et al. , 1990 ; McNairn e t al. , 1995; Ni Bhriain & Dorman, 1993) . The virB promoter has been shown to be sensitive to such variations in vivo and in vitro (Tobe etal., 1993) . Thus, this sequence appears to be the major signal reception centre of the system. Consistent with this hypothesis, it has been shown that the invasion regulon can be decoupled from its normal regulatory functions if virB is expressed from a heterologous promoter (Tobe e t al., 1991) . Regulatory systems of the type controlling expression of invasion genes in S. flexneri operate according to stereotypic principles; all of the cells in the population can be expected to perform identically in response to the same environmental cues each time they encounter them. This may pose risks for the long-term survival of the species unless a mechanism for varying the response in at least a few members of the population can be evolved. T o look at this issue of variation in more detail, we have studied the phase-variable system controlling expression of type-1 fimbriae in E. coli.
The type-I fimbrial system of E. coli
Type-1 fimbriae mediate attachment of bacteria to host cells. This is advantageous to the bacterium because colonization of the host is assisted but the fimbriae are highly immunogenic, making their deployment on the bacterial cell surface potentially hazardous to the survival of the microbe when it encounters host defences. Expression of type-1 fimbriae in E. coli is phase-variable, meaning that any given population of cells is likely to contain both fimbriate and afimbriate members. Presumably, the environment then selects the sub-population which is best fitted to the prevailing circumstances. In principle, any fimbriate cell can become afimbriate and vice versa. The rate of phase switching is approximately 5 x and the switching process is believed to act at random within the population (Abraham e t al., 1985) . The control mechanism of the type-1 fimbrial system shares certain general features with the S. flexneri invasion gene regulatory system, such as the possession of 'private' regulators and a sensitivity to ' shared ' control elements.
The molecular basis of fimbrial phase variation has been elucidated and shown to concern the inversion of a 314 bp segment of DNA flanked by 9 bp inverted repeats. This DNA segment carries the promoter required for transcription of thefimA gene, coding for the type-1 fimbrial subunit. Site-specific recombination across the 9 bp inverted repeats is believed to invert the segment (Abraham e t al., 1985) . The products of two closely linked genes,fimB andfimE, contribute to inversion (Fig. 3) . These show a high degree of amino acid sequence identity (48%) and both have a region of homology to the catalytic site of members of the integrase family of site-specific recombinases (Dorman & Higgins, 1987; Eisenstein etal., 1987; Klemm, 1986) . The FimB protein inverts the segment in either direction with equal efficiency; FimE has a preference for the ON-to-OFF direction (McClain e t al., 1991). In many E. coli K12 strains, including those in use in our laboratory, thefimE gene is inactive (Blomfield e t al., 1991) . Apart from this role infimA regulation, FimB and FimE have no other known role in the cell. A mutation at a distant locus, pilG, which resulted in accelerated inversion of the f i m A promoter segment was shown by us to be an allele of hns (Higgins e t al., 1988) . Thus, the fimbrial phase-variation system shares with the S. flexneri virulence gene regulatory cascade a sensitivity to negative control by H-NS. It also requires IHF for normal function; in the absence of this second genome architectural protein, inversion of the promoter fragment ceases (Dorman & Higgins, 1987 ; Eisenstein e t al., 1987) and thefimA promoter operates at a reduced efficiency (one seventh the value of the wild-type) (Dorman & Higgins, 1987) . A further trans-acting regulator has been described for thefim system. This is the leucine-responsive regulatory protein (LRP), an 18.8 kDa DNA-binding protein which alters transcription of a wide range of operons. Depending on the individual system, the effect of LRP can be either positive or negative and its influence can be potentiated, antagonized or unaffected by the presence of L-leucine (Calvo & Matthews, 1994) . In the case o f j m inversion, LRP has a positive role and this is potentiated by leucine (Blomfield et al., 1993) . The status of LRP as a regulator is not completely clear. It certainly has pleiotropic effects and probably ranks between proteins such as CRP, which is a dedicated transcription factor with widespread effects on transcription and has a cofactor requirement, and structural elements such as HU, which has a secondary role in transcriptional control. All of the available evidence suggests that the contributions of IHF, H-NS and LRP are made through interactions with the fim inverting segment itself, and probably involve the formation of a nucleoprotein complex which facilitates formation of a recombinational synapse (S. L. Dove & C. J. Dorman, unpublished data; Gally e t al., 1994). Most site-specific recombination systems require precise management of local DNA topology and the same is likely to be true of the fim system. We have investigated the possibility that DNA supercoiling contributes to the control of fim expression (Dove & Dorman, 1994) . Removal of DNA topoisomerase I from the cell results in a strong reduction in the rate of inversion in both the ON-to-OFF and the OFF-to-ON directions. Loss of this DNA-relaxing activity produces an increase in the supercoiling of reporter plasmids but compensatory mutations, which reset the level of supercoiling to near-wild-type levels, do not restore wild-type inversion frequencies. This apparent paradox can be resolved by proposing that the role of topoisomerase I is in relaxing locally generated domains of negative supercoiling at fim. These domains may be generated by transcriptional activity initiating at the j m A promoter, which is located close to one of the inverted repeats (Fig. 3) . The moving transcription complex might be expected to generate domains of differentially supercoiled DNA here, with the more negatively supercoiled DNA being a target for topoisomerase I and common to both the Phase-ON and Phase-OFF orientations (Fig. 3) . Transcriptionally generated domains of positively supercoiled DNA may not be common to both orientations of the invertible segment due to the presence of an IHFbinding site (and its associated bend in DNA when it is occupied by IHF) which lies on the fimE side of the inverting segment (Fig. 3) . In the Phase-ON orientation, the positive supercoils can diffuse into thefimA ORF by rotational diffusion whereas in the Phase-OFF orientation diffusion is blocked by the occupied IHF site. For these reasons, the two orientations are not equivalent from the point of view of locally generated positive supercoils. Positive supercoils are relaxed by DNA gyrase and when gyrase is inhibited by antibiotic treatment, the effect on inversion is found to be strongly phase-dependent (Dove & Dorman, 1994) . Phase-OFF cells turn ON rapidly whereas Phase-ON cells stay ON. This is consistent with a difference in the distribution of the gyrase target (relaxed or positively supercoiled DNA) between Phase-ON and Phase-OFF.
To employ topoisomerase gene mutations or inhibitors of the proteins themselves clearly creates an artificial situation in the cell. However, work from our laboratory and elsewhere shows that environmental influences can modulate topoisomerase function, and hence supercoiling of DNA (see above). This suggests that the data obtained using artificial means may hint at situations which can arise as cells adapt to novel ecological circumstances. Several studies have already indicated that this system is sensitive to environmental changes : fim expression varies with temperature, L-leucine levels and during transitions between growth in liquid medium and on solid surfaces (Dorman & Ni Bhriain, 199213 ; Gally e t al., 1993 ; Schwan e t al., 1992). It is likely that these features increase the probability that fimbriation occurs in the most appropriate environment. Thus, the outcome (Phase-ON or Phase-OFF) of the apparentb random inversion system may be subject to significant environmental influence.
Conclusions and perspective
These examples help to illustrate the sophistication of gene regulation in prokaryotes and to raise questions about why things are so complicated. There is very probably a major advantage to be gained in not expressing genetic information when it is not needed. Similarly, to fail to express such information when it is required could be very disadvantageous to the cell. To be successful, the cell requires an efficient means of environmental sensing and response and a good system for coordinating the response at the level of transcription. Global regulatory systems involving variations in DNA topology can provide a crude mechanism for the coordination of gene expression by influencing the structure of the genetic material. This influence can be exerted in response to environmental stimuli such as osmotic stress or anaerobic growth, both of which change the supercoiling of DNA, or by growth phase, which varies the intracellular concentrations of proteins such as FIS or IHF and changes the supercoiling of DNA. Fine-tuning of the genetic response depends on specific factors, such as DNAbinding proteins which act as transcription factors for just single operons or regulons. Systems like these contribute to a stereotypic response to environmental change; all of the cells in the population may be expected to respond in much the same way. In addition, there are apparently random events within the genome which add a layer of variability to the response. Inversion of the f i m A promoter segment is an example of this sort of random event. Its apparent 'randomness' can be influenced by the same topological factors which are at work within the stereotypic response network. Thus H-NS, which regulates negatively the virB promoter in 5'. Jexneri, also regulates negatively fimA promoter segment inversion in E. coli.
Since these systems share this common control factor, their expression is crudely coordinated : any increase in H-NS levels will affect both negatively. Factors such as the VirF transcription activator or the FimB recombinase are unique to each system and have no known role beyond the virulence cascade and the fimbrial operon, respectively. This pattern of shared and private regulators is an emerging theme in studies of bacterial gene regulation. It points to the integrated nature of the cellular gene expression system and the perpetual tension between forces attempting to activate transcription units and those which repress them. The cell as it exists at any moment in time is an expression of the outcome of these countervailing forces.
